Effects of latency in a visual feedback system during path-steering tasks were examined. Input movements were recorded in high speed and projected with controlled latency, while a user was required to drag an object through a tunnel path. We tested the system with 10 people and analyzed the duration based on the steering law and revealed that the latency of visual feedback beyond 64.3 ms was associated with reductions in user performance, which provides suggestions in developing user-oriented interface designs.
INTRODUCTION
In the current information-driven society, input devices with visual feedback are widely used. However, latency from the moment of input to the appearance of visual feedback on display devices (e.g., a touching screen) is inevitable. Even with low latency (i.e., below 100 ms), human performance in some types of task exerts negative effects [Jota et al. 2013 ]. Hence, understanding the effects of latency on human performance could inform the design of improved graphical user interfaces (GUIs) with interactive elements.
The effects of latency in visual feedback on the time taken to hit a target with a finger have been examined in previous research [Kadowaki et al. 2018 ], which showed that duration time increased Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses, contact the owner/author(s). VRST '19, November 12-15, 2019 , Parramatta, NSW, Australia © 2019 Copyright held by the owner/author(s). ACM ISBN 978-1-4503-7001-1/19/11. https://doi.org/10.1145/3359996.3364726 with latency over 24.3 ms. This paper focuses on the effects of latency in a visual feedback system during more complex tasks to consider a wider range of applications in designing GUIs.
BACKGROUND
The steering law is applicable to predict the efficiency of pathsteering tasks that require the user to move a pointer or drag a finger on a touchscreen along a path with boundaries (i.e., a tunnel), such as pull-down menus and scroll bars in GUIs [Accot et al. 1997 ]. When the width of the tunnel path is uniform (W ), the formula is:
where T is the average time needed to complete the task, L is the length of the tunnel, and a and b are experimentally fitted constants. It implies that the longer and narrower the tunnel is, the more time is required to steer through it. The term D := L/W reflects the difficulty of the task, and the performance P in each task can be evaluated by dividing D (bit) by the required time T (s).
Measurements of human performance have been conducted based on this law [Kulikov et al. 2005 ]. However, examination of tunnel tasks with delayed visual feedback systems has not so far been done.
MEASUREMENT OF TASK PERFORMANCE 3.1 Visual Feedback System
We designed our experiments based on methods conducted by Kadowaki et al. [Kadowaki et al. 2018] . As shown in Figure 1 , participants were asked to look down at the screen through a slit in front of them while performing particular tasks using a tablet (iPad Pro, 12.9 inch) with their dominant hands. Hand movements were captured via a high-speed camera (Eosens 4CXP, Mikrotron) and the resultant images (8-bit monochrome, 1024 × 768 px) were projected at 1000 fps via a high-speed projector (DynaFlash, Tokyo Electron Device Ltd.) through mirrors on the screen, allowing participants to perceive as if they were directly watching their own hands. Latencies from their hand movements to the visual feedback on the screen were controlled by delaying the timings of the projection.
The experiment was approved by the Ethics Committee in the University of Tokyo (No. UT-IST-RE-170712-1). Ten right-handed individuals from the local community (8 male, 2 female), ranging in age from 21 to 27 years (Avg. 24.0), participated in the experiment.
Tunnel Tasks
As shown in Figure 1 right, the task screen consisted of a tunnel, a circle-shaped cursor, and a square-shaped indicator. Participants were asked to use one of their forefingers to drag the circle to the point indicated by the square. At the beginning of each task, the circle was located at the edge of the screen in the direction of their dominant hand. They had to drag it to the other end of the path as quickly as possible, while staying within the confines of the path; when the circle mistakenly hit the outside of the tunnel, they were required to repeat the same task again from the beginning. We used the tunnel path with two right-angle corners because a straight path could be steered by just moving the forefinger straight at a very high speed without seeing where the finger is pointed.
Task variation was generated by setting two parameters: the width (W ) and the total length (L) of the path. These parameters were evaluated according to net thickness and length respectively; e.g., W is calculated by subtracting the diameter of the circle (80 px) from the actual distance between the both ends of the paths. In the experiment, 4 different conditions (W = 50, 100 px, and L = 1200, 1600 px) were provided 3 times each (i.e., a total of 12 tasks) within each epoch, where latency was set at 4. 3, 34.3, 64.3, 94.3, 124.3, and 154 .3 ms; each 4 times (i.e., a total of 24 epochs) in a random order. The positions of the paths were selected randomly to prevent participants from becoming accustomed to the task.
ANALYSIS RESULTS
The duration in each task was recorded and analyzed after outliers were removed according to the two-sigma rule among trials involving the same parameters for each participant. Figure 2 left shows that the relationship between the difficulty of task D and duration T were proportional, which suggests that the steering law remains applicable in the delayed visual feedback environment. Each line represents results of each delay condition. Figure 2 right shows the average performance for each delay condition in the visual feedback system, which reveals that latency of 64.3 ms or longer exerts a significant effect on human performance. 
DISCUSSION
The results showed that human performance did not decline with delays of less than 64.3 ms; however, previous research [Kadowaki et al. 2018 ] suggested that latency of over 24.3 ms affected the time taken to hit a target with a finger. The inconsistency could have occurred because the tasks in the current study required greater attention and more concentration to accomplish, relative to that required in previous studies. Actually, 5 out of the 10 participants reported that they felt the total time of the whole experiment longer than the actual elapsed time because they found the task difficult to conduct and sometimes felt frustrated with the failures.
In addition, the requirement for participants to keep touching the display throughout the entire task could have helped them perform the task more easily and reduced the rate of decline in the duration when the delays were added because the touch generated tactile information within their perception as well as visual feedback.
CONCLUSION AND FUTURE WORK
This study focused on the effects of delays on task performances in a visual-feedback system. We conducted experiments using pathsteering tasks and showed that the steering law could be applicable in environments involving delayed visual feedback, and that delays of more than 64.3 ms led to a decline in task performance. Our results provide suggestions in defining available range of latencies in input devices and make it possible in the future to further examine specific user performances, which helps develop significant indications in GUIs and other fields of user-oriented researches.
